PHYS 1441 — Section 004
Lecture #15

Wednesday, Mar. 24, 2004
Dr. Jaehoon Yu

Center of Mass (CM)

CM of a group of particles

«  Fundamentals on Rotation

« Rotational Kinematics

« Relationships between linear and angular quantities

Today’s homework is homework #9, due 1am, Saturday, Apr. 3!!

Remember the 2"d term exam (ch 5.6 — 8.2), next Monday, Mar. 29!
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Center of Mass

We've been solving physical problems treating objects as sizeless
points with masses, but in realistic situation objects have shapes
with masses distributed throughout the body.

Center of mass of a system is the average position of the system’s mass and
represents the motion of the system as if all the mass is on the point.

What does above The total external force exerted on the system of
total mass M causes the center of mass to move at
an acceleration given by a = > F /M asifall
the mass of the system is concentrated on the
center of mass.

statement tell you
concerning forces being
exerted on the system?

The position of the center of mass of this system is

@ @_’ Consider a massless rod with two balls attached at either end.
Xew

. the mass averaged position of the system
Xo, =Xt MaXs CMs closer to the
m, +m, heavier object
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Center of Mass of a Rigid Object

The formula for CM can be expanded to Rigid Object or a
system of many particles

D mx

Xem

MY AMX M, 4

MM,

The position vector of the
center of mass of a many
particle system Is

-

Z miFi
i

—

I cm

A\ 4
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A rigid body — an object with shape
and size with mass spread throughout
the body, ordinary objects — can be
considered as a group of particles with
mass m, densely spread throughout

the given shape of the object
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Example 7-11

Thee people of roughly equivalent mass M on a lightweight (air-filled)
banana boat sit along the x axis at positions x,=1.0m, X,=5.0m, and
X,=6.0m. Find the position of CM.

Using the formula

for CM
M.wé.ﬁﬁv 2.mx
Xem = i
IOm 50m 6.0m x Zmi
M-1.0 +M .5, . B. 12.0M
_ 0+M-50+M-6.0 _4.0(m)
M I\/I I\/I 3M



Example for Center of Mass in 2-D

A system consists of three particles as shown in the figure. Find the
position of the center of mass of this system.

Using the formula for CM for each
=2 @ position vector component
7S Zmixi Zmiyi
ad : X = i — i
] CcM Z m Yem Z m
=1 =2 Oneobtains ey = Xon i+ yCM] — (m, +2m, )i +2m
m +m, +,
" Zmixi LM +MyX, +MyX, M, +2m,
CM™ N'm, mmy+mg mm,+m, It m, =2kg;m, =m, =1kg
zzi:miyi :m1Y1+m2y2+mSY3 _ 2m, FCM :3|+4J 2075i+_j
Yewm Zmi m, +m, +m, m, +m, +m, '
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Motion of a Diver and the Center of Mass

L=

Diver performs a simple dive.
The motion of the center of mass
follows a parabola since itis a
projectile motion.

Diver performs a complicated dive.
The motion of the center of mass
still follows the same parabola since
it still is a projectile motion.

The motion of the center of mass

of the diver is always the same.




Center of Mass and Center of GraV|ty

CM
The center of mass of any symmetric object lies on an
axis of symmetry and on any plane of symmetry, if
object’s mass is evenly distributed throughout the body. * Axis of
_ One can use gravity to locate CM. " symmetry
HOdeO el th'nhk ycc:)ll\J/I .| 1 Hang the object by one point and draw a vertical line
can determine the CM 0 following a plum-bob.
objects that are not ) he obiect b s nt and do th
symmetric? . Hang the object by another point and do the same.

3. The point where the two lines meet is the CM.

Since a rigid object can be considered as collection
of small masses, one can see the total gravitational
force exerted on the object as

Eg:ZEi=ZAmi§=M_’

Amg What does this The ne.t effegt of these small grawtatlongl
: " forces is equivalent to a single force acting on
equation tell you a point (Center of Gravity) with mass M.

Center of Gravity

-

M1 The CoG is the point in an object as if all the gravitational force is acting on!




Motion of a Group of Particles

We've learned that the CM of a system can represent the motion of a system.
Therefore, for an isolated system of many particles in which the total mass
M 1is preserved, the velocity, total momentum, acceleration of the system are

Velocity of the system |  yqy = Aty :_( >mri j Lsm Ari _ D my;

At At
Total Momentum - R mv; . - -
of the system Pcw=Mvew =M =DMV =2 P, = Py
Acceleration of - AVew ( j Av. Zm a
-  =— m V|
the system dem =4 2 2 At
External force exerting = - = Ap What about the
F . = =Y maj = = Frot
on the system Z o = Macw Zm’ 2 At internal forces?

System’s momentum
Piot = const‘ is conserved.

If net external force is 0 E:ext:O :prt
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Fundamentals on Rotation

Linear motions can be described as the motion of the center of
mass with all the mass of the object concentrated on it.

s this still true for
rotational motions?

No, because different parts of the object have
different linear velocities and accelerations.

Consider a motion of a rigid body — an object that
does not change its shape — rotating about the axis
protruding out of the slide.

The arc length, or sergita, is | = R6
Therefore the angle, O, is ¢ = — . And the unit of

the angle is in radian.

One radian is the angle swept by an arc length equal to the radius of the arc.

Since the circumference of a circle is 2nr,  360° =2ar/r =27

The relationship between radian and degreesis 1 rad = 360°/ 2z =180°/
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Example 8-1

A particular bird’s eyes can just distinguish objects that subtend an angle no
smaller than about 3x10-4 rad. (a) How many degrees is this? (b) How small
an object can the bird just distinguish when flying at a height of 100m?

(b) (a) One radian is 360%2m. Thus
3x107*rad = (3 x10™*rad )x

(360° /27 rad ) = 0.017°

(b) Since |=r6 and for small angle
arc length is approximately the
same as the chord length.

| —
| CHiord 100m><3><10 rad =

LN 3x107°m=3cm
A
N\

10




Angular Displacement, Velocity, and Acceleration

Using what we have learned in the previous slide, how _0. -6
would you define the angular displacement? AO =0 !

- Hf _ei AH
How about the average angular speed? W= = — 0
. t. -t At
Unit? rad/s
| .. AG dO
And the instantaneous angular speed? W = ||m At = dt
Unit?  rad/s A0
By the same token, the average angular ~ — _ @t ~ @ _ Aw
acceleration t, -t At
Unit? rad/s?
And the instantaneous angular a=3 Aw do
acceleration? Unit? rad/s? - Altm At dt

When rotating about a fixed axis, every particle on a rigid object rotates through

the same angle and has the same angular speed and angular acceleration.
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Rotational Kinematics

The first type of motion we have learned in linear kinematics was
under a constant acceleration. We will learn about the rotational
motion under constant angular acceleration about a fixed rotational
axis, because these are the simplest motions in both cases.

Just like the case In linear motion, one can obtain

Angular Speed under constant w. = + ot

angular acceleration: f |

Angular displacement under 0. =0 +wt+ E t2

constant angular acceleration: : ! 9

One can also obtain a)? — a)iz + 205(6’f — ¢9i )
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Example for Rotational Kinematics

A wheel rotates with a constant angular acceleration of 3.50 rad/s?. If
the angular speed of the wheel is 2.00 rad/s at =0, a) through what

angle does the wheel rotate in 2.00s?

Using the angular displacement formula in the previous slide, one gets

Hf —6'i = wt+ %atz

= 2,00x 2.OO+%3.50><(2.OO)2 —11.0rad

E rev.=1.7/5rev.

27T
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Example for Rotational Kinematics cnt'd

What is the angular speed at t=2.00s?

Using the angular speed and acceleration relationship
@; =@, +ol =200+350x2.00=9.00rad/s

Find the angle through which the wheel rotates between t=2.00
s and t=3.00 s.

Using the angular kinematic formula ~ 8; =@ = ot + 2 at?
1

2
At t=2.00s (9t:2 = 2.00x 2.OOI-E3.5OX(2.OO) =11.0rad
Att=3.00s Gs= 2.00X3.0@+—%3.50X(3.00)2 =21.8rad
10.8
Angular AO = 8 —6. =108rad =——rev.=1.72rev.
. 3 2 2T
displacement
vveanesaay, var. Z4, Zuu4 -_:-\ PHYS 1441-004, Spring 2004 14

Dr. Jaehoon Yu



Relationship Between Angular and Linear Quantities

What do we know about a rigid object that rotates
about a fixed axis of rotation?

Every particle (or masslet) in the object moves in a
circle centered at the axis of rotation.

When a point rotates, it has both the linear and angular motion
components in its motion.

The
What is the linear component of the motion you see? d::rection
orm
* Linear velocity along the tangential direction.  follows a
L : right-hand
How do we related this linear component of the motion e

with angular component?

The arc-length is || = R@| So the tangential speed vis V =i—l =Aﬁt(r9)= rAA—f =lw

What does this relationship tell you about Although every particle in the object has the same
the tangential speed of the points inthe  angular speed, its tangential speed differs
object and their angular speed?: proportional to its distance from the axis of rotation.
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s the lion faster than the horse?

A rotating carousel has one child sitting on a horse near the outer edge
and another child on a lion halfway out from the center. (a) Which child has
the greater liner speed? (b) Which child has the greater angular speed?

V2,

A

(@) Linear speed Is the distance traveled
divided by the time interval. So the child
sitting at the outer edge travels more
distance within the given time than the child

sitting closer to the center. Thus, the horse
Is faster than the lion.

(b) Angular speed is the angle traveled divided by the time interval. The

angle both the child travel in the given time interval is the same. Thus,
both the horse and the lion has the same angular speed.
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